The internal stress during high temperature creep was investigated for the die-cast AM50 magnesium alloy at 473 K through the straintransient dip test technique. The microstructure of the alloy is characterized by fine -Mg grains together with the -Mg 17 Al 12 particles located on the grain boundaries. The internal stress is proportional to the applied stress, when the applied stress ranges below the yield stress. The ratio of the internal stress to the applied stress is 0.36 for the alloy, which is about half of those for conventional pure metals such as Cu, -Fe and Ni. The small internal stress is a characteristic feature in the creep for the alloy.
Introduction
Lightweight magnesium alloys have a strong potential for weight saving in a wide range of technical applications because of the lowest density among the technologically relevant metallic materials.
1) The automotive use of magnesium alloys has been growing for the past decade to achieve high fuel efficiency; 2, 3) however, the application is limited to components operated at around room temperature. 4, 5) The additional substantial increase of magnesium alloys is achieved by utilizing the alloys for high-temperature powertrain components. 6, 7) Creep strength is a major requirement for the magnesium alloys to replace the powertrain components that are currently made of cast aluminum alloys or cast iron. 8, 9) Among the conventional commercial magnesium alloys, the AM50 alloy is the representative that offers a good combination of castability, ductility and fracture toughness. 10) It has been demonstrated that the creep strength of the AM50 alloy is dramatically improved by the addition of calcium 11) or silicon. 12) The creep behavior of the AM50 alloy produced by die-casting was extensively investigated in a temperature range between 423 and 498 K in our previous study.
13 ) The rate-controlling process of the alloy has been demonstrated as a dislocation climb from the results of creep curves and creep parameters.
In the dislocation creep, the idea has been widely accepted that the creep deformation does not take place under the whole of the applied stress but only under a part of the applied stress. 14) According to this concept, the applied stress is decomposed into two components. The first of these components is the effective stress, which acts on the dislocation segment during its glide motion. And, the second component represents the internal stress, which corresponds to a long-range back stress impeding the movement of glissile dislocations. It is well established that the internal stress is originated in the dislocation substructures generated during creep deformation. 15) The aim of the present study is to identify the internal stress for the die-cast AM50 magnesium alloy to characterize the creep of the alloy from the viewpoint of the internal stress. It is mentioned that the data of internal stress are quite limited for magnesium alloys.
16) The internal stress can be obtained either by the stress-transient dip test technique 17) or the strain-transient dip test technique.
18) It should be pointed out that the both dip test techniques give virtually identical values of the internal stress.
19) The strain-transient dip test technique offers advantages over the stress-transient dip test technique due to the shorter time required for measurements and the easy adaptability to creep machines. 18) In this study, the strain-transient dip test technique is adopted to determine the internal stress.
Experimental
The AM50 alloy (Mg-5.42 mass%Al-0.28 mass%Mn) was melted at 993 K, and the cold chamber die-cast machine with the die-surface temperature at 473 K was utilized to produce plates of 150 mm in length and 70 mm in width. The plates of the alloy had a stairlike shape with three thickness gradations from 1 to 3 mm. Specimens for the creep tests with a gage length of 28 mm and a rectangular cross section of 6 Â 3 mm were machined from the 3 mm thick region. The axes of the specimens were parallel to the 70 mm direction of the plates.
Tensile creep tests with constant load were performed using the lever-arm creep machines at 473 K in air under initial applied stresses that varied between 20 and 90 MPa. The specimens were heated with an induction coil achieving an accuracy of 2 K along the length of the gage portion. The elongation of the specimen was measured by utilizing the output from the linear valuable differential transformers (LVDTs) free suspended from the sample grips by two rods in symmetry. The internal stress was obtained through the strain-transient dip test technique.
18) The technique consists of determining the reduction of applied stress at which zero creep is detected immediately after the stress reduction. More than ten times of stress reductions were carried out to determine each internal stress. It is noted that the measurement sensitivity of a submicron is required to define the observed strain transients accurately after stress reductions.
Results

Creep characteristics
The microstructure of the AM50 die-cast alloy samples used in this study is reasonably uniform, as presented in our previous paper.
13 ) The alloy consists of extremely fine -Mg grains together with the particles of the intermetallicMg 17 Al 12 phase. 20) The average diameter of the grains is determined as 9.2 mm by a linear intercept analysis, and the particles are located mainly on the grain boundaries.
The creep rate-time curves at 473 K under the stresses between 20 and 90 MPa are shown in Fig. 1 . In the initial portion of each curve the creep rate decreases with time, exhibiting a normal transient creep response. The creep rate reaches a minimum after the transient region, and it continuously increases with time giving a period of accelerating creep. The minimum creep rate is revealed after approximately 15 pct of the time to rupture for each stress, indicating that the creep of the alloy is almost occupied by the accelerating creep.
The minimum creep rates are plotted as a function of stress in Fig. 2 . A power-law type constitutive equation can be fitted to the low and high stress regions, respectively. The stress-exponent n ¼ 4:6 was determined at the low stress range below 65 MPa, while the high stress exponent n ¼ 9:2 is apparent above 65 MPa. The critical stress of the low and high stress-exponent regions corresponds to the yield stress for magnesium alloys. 13, 21) In the next section, the internal stress measurements were carried out in the applied stress rang below 65 MPa.
Internal stress
The reductions of the applied stress were made after reaching the minimum creep rate stage. The strain transients with time observed after various stress reductions at the initial applied stress of 40 MPa are illustrated in Fig. 3 , as a typical example. These data show that immediately after a stress reduction the sample shrinks elastically and subsequently is deformed by a plastic flow at every reduced stress. For the small stress reduction of 14.2 MPa the plastic strain rate, instantaneously after reducing the applied stress, is positive ( Fig. 3(a) ). However, after the large stress reduction of 33.6 MPa the instantaneous strain rate is negative (Fig. 3(c)) . At the intermediate level of the stress reduction the plastic strain rate is zero (Fig. 3(b) ).
The remaining stress at which the plastic strain rate after the stress reduction is momentarily zero describes the internal stress. The strain rates measured at six minutes after the stress reduction, _ " " t , are summarized against the stress decrement, Á', in Fig. 4 . The strain rate after the stress reduction decreases with increasing stress decrement, 22) and it is zero at the reduced stress of 25.3 MPa. The internal stress for the alloy is determined as 14.7 MPa in the creep at 473 K-40 MPa.
The results of the internal stress at 473 K in the applied stress range below 65 MPa are summarized in Fig. 5 . The internal stress, ' i , is proportional to the applied stress, ' a , for the alloy, when the applied stress ranges below the yield stress. The ratio of the internal stress to the applied stress, ' i =' a , is determined to be 0.36 by the least square method. It is found for the alloy that an approximately two thirds of the applied stress act as an effective stress at the minimum creep rate stage.
Discussion
The creep of pure metals is controlled by the high temperature climb of dislocations, 14) as is the case for the die-cast AM50 magnesium alloy.
13) The internal stress during high temperature creep has been investigated for five pure metals: Al, 23) Cu, 24) -Fe, 25, 26) Ni 26) and -Zr. 27) It is noted that the internal stress measurement is not performed for pure Mg. A general trend is found for pure metals that the internal stress is proportional to the applied stress at lower stresses while the ' i =' a ratio decreases with increasing applied stress at higher stresses. 28) The ' i =' a ratio at the lower stresses, where the internal stress is proportional to the applied stress, is summarized for the pure metals in Table 1 together with the grain size of the sample and the investigated temperature. The data for the diecast AM50 magnesium alloy obtained in this study are also included in the table. The homologous temperature, at which the internal stress has been measured for the pure metals, ranges between 0.5 and 0.7 except the data for -Fe reported by Pahutova et al. 25) The homologous temperature for -Zr with the hcp crystal structure cannot be evaluated due to the allotropic transformation from hcp to bcc at 1136 K. 29) The ' i =' a ratio for the die-cast AM50 magnesium alloy is 0.36, which is about half of those for Cu, -Fe and Ni having the ' i =' a ratio above 0.57. It is found that the small internal stress is a characteristic feature in the creep for the die-cast AM50 magnesium alloy. The small internal stress for the alloy would be further ensured by the internal stress measurement in a wide range of temperatures. It has been demonstrated for polycrystalline austenitic alloys that the ' i =' a ratio decreases with decreasing grains size. 30, 31) The small value of ' i =' a for the die-cast AM50 alloy may be ascribed to the fine -Mg grains of the alloy.
Conclusions
The internal stress during high temperature creep was investigated for the die-cast AM50 magnesium alloy at 473 K through the strain-transient dip test technique. The microstructure of the alloy is characterized by fine -Mg grains together with the -Mg 17 Al 12 particles located on the grain boundaries. The internal stress is proportional to the applied stress, when the applied stress ranges below the yield stress. The ratio of the internal stress to the applied stress is 0.36 for the alloy, which is about half of those for conventional pure metals such as Cu, -Fe and Ni. The small internal stress is a characteristic feature in the creep for the alloy. 
